Abstract: Spheric and anisotropic gold nanoparticles (GNPs) such as rods, stars or nanoprism prepared using hexadecyltrimethyl ammonium bromide (CTAB) as the stabilising agent have received a great deal of interest in the last years. The literature procedures exploited lead to GNPs in aqueous solution. We herein describe a fast, efficient, and cheap method to transfer particles of different shapes from water into toluene solution via ligand exchange (CTAB to dodecanethiol), which was mediated by acetone as a cosolvent. Absorption spectra and TEM-pictures before and after the transfer revealed that the particles survived the transfer intact and without change in shape.
Introduction
Metal nanoparticles, due to their specific optical properties in the visible region of the spectrum, have been used since ancient times. They have been, for instance, used to stain porcelain and also church windows [1] , and today gold nanoparticles (GNPs) find uses as active components in such diverse applications as solar cells [2] [3] [4] , biological and medical treatments [5, 6] , sensing [7] , optical data storage8 and surface-enhanced Raman spectroscopy (SERS) [9, 10] . In recent years a number of different geometries other than spheres have gained prominence as may clearly be seen from examining the many examples present in the literature [11, 12] . With the exception of spheres the most prominently studied geometric form is that of rods, the synthetic methodology for which has been developed by El-Sayed et al. [13] and which has recently been further advanced by Murray et al. [11] .
Besides possessing a transverse surface plasmon resonance (TSPR) these structures additionally display a longitudinal surface plasmon resonance (LSPR) at lower energies [13] . Depending on the length of the rods the LSPR peak can be tuned across a wide range of wavelengths from the visible to the (near-) infrared region.
The realisation of an effective phase transfer of GNPs is quite important if their potential for use in many different applications is to be utilized. Additionally one can achieve higher concentrations of Au nanoparticles in organic (nonpolar) solvents compared to that of water due to the elimination of the ionic interactions between the Au NPs and the water molecules [14] . Furthermore the formation of Au monolayers is well established and reported upon in the literature and it has been demonstrated that their preparation from a low boiling organic solvent results in the formation of structures, based on hexagonal packing, which are of a higher quality than those formed employing water as the solvent [14, 15] . Also the material processability, for example in the case of employing spin coating procedures to form Au layers for device fabrication, is increased [16] . It is also worthy of note that the possibility of effecting a ligand exchange offers the additional possibility of post-preparative cleaning of the surface and subsequent selective functionalization with specific applications in mind.
The general approach employed to transfer nanoparticles into a second medium of different polarity is on the one hand to exchange the initial surface ligands with molecules which possess a higher affinity for the particle surface, with commonly used organic molecules containing the thiol [16] , amine [17] or carboxylic acid [18] functionality, while on the other ensuring the replacement molecule contains a solvent compatible portion in order to achieve an adequate degree of solubility. For metal nanoparticles a molecule containing the thiol functional group is often used as the phase transfer agent because of the high affinity that sulphur has for many metal surfaces, however more complex structures such as ionic liquids are also currently under investigation [19, 20] . The latter have the added advantage that they do not block the active sites on the particle, which are necessary for catalysis and other applications where direct access to the surface is of importance [20] .
It is well established that Au has a high affinity for thiols and amines [21] [22] [23] and hence these are the functional groups possessed by many of the commonly used phase transfer agents to transfer gold into a nonpolar organic phase, particular examples being alkanethiols and alkaneamines [24] [25] [26] [27] .
For the preparation of Au rods hexadecyltrimethylammonium bromide (CTAB) is commonly used as stabilising agent. Despite the fact that the ammonium head group of CTAB has a relatively minor affinity for the Au surface compared to that of thiols, it is nevertheless not trivial to exchange the stabilising ligands, a fact which can be explained by the presence of a rigid CTAB bilayer extending out from the GNP surface [28, 29] . Most methods described in the literature use thiolated polymers such as PS-SH [30, 31] . Only in a second step can a new ligand be bound at the Au surface. Another approach is to remove the CTAB bilayer completely through the use of acetone. With the addition of a thiol, for example dodecanethiol, the gold nanoparticles can be transferred into the acetone phase and subsequently be transferred back into the water phase using a suitable ligand [31] [32] [33] .
In this work we will demonstrate a straight forward method by which CTAB stabilised Au particles may be transferred from the aqueous phase into toluene.
This method is less time consuming and more economical in comparison with the present procedures described in the literature. In addition it will be demonstrated that the transfer is efficient, may be used for both spherical and rod shaped nanoparticles and importantly leaves the optical and physical properties of the materials essentially intact.
Experimental section

Materials
The following chemicals were used for the Au NP synthesis and to bring about the phase transfer. Hexadecyltrimethylammonium bromide (CTAB, ≥98%), hydrogen tetrachloroaurate trihydrate (HAuCl 4 ⋅ 3H 2 O, ≥99.9%), silver nitrate (AgNO 3 , ≥99%), L-ascorbic acid (AA, ≥99%), sodium borohydride (NaBH 4 , ≥96%), and sodium salicylate (≥99.5%) were purchased from Sigma Aldrich. 5-bromosalicylic acid (>98%) was purchased from TCI Deutschland.
Apparatus
All absorption measurements were acquired on a Cary50 UV/vis spectrometer (Varian) whereby a glass cuvette filled with Milli-Q water was used as the reference. Transmission electron microscopy (TEM) images were taken on a Zeiss Libra 200 (Carl Zeiss) operating at 200 kV.
Gold nanorod synthesis
The synthesis of GNRs was undertaken similarly to that reported previously [11] .
For the gold seed solution 5 ml of a 0.2 M CTAB solution was mixed with 5 ml of a 0.5 mM HAuCl 4 solution. Under vigorous stirring (1200 rpm) 1 ml of a 6 mM NaBH 4 solution was injected into the Au-solution, the stirring stopped after 2 min and this brownish coloured "seed solution" left for 30 min before use.
For the growth solution a defined amount of additive (see Table 1 ) was mixed with 50 ml of a 0.1 M CTAB solution and heated up to 60 ∘ C. After addition of a specific amount of a 4 mM AgNO 3 solution (see Table 1 ) the mixture was left for 15 min unstirred. Under slow stirring (400 rpm) 50 ml of a 1 mM HAuCl 4 solution and after a further 15 min 0.064 M ascorbic acid (see Table 1 ) were added. Finally under vigorous stirring 0.16 ml of the prepared seed solution was added, mixed for 30 seconds and left undisturbed for 16 h. The gold rods obtained were cleaned up by centrifugation at 6000 rpm for 90 min and the precipitates then redispersed in 15 ml water.
Gold spheres synthesis
The gold sphere synthesis using a CTAB/aromatic additive ligand shell takes place as for the synthesis for gold rods described above, with the exception that for the spherical structures the addition of AgNO 3 was omitted from the synthesis. 
GNR phase transfer procedure
For the phase transfer 400 μl of a 10 nM gold NP solution was mixed with 19.6 ml of water resulting in a 0.2 nM gold solution. 1 ml of the new ligand (dodecanethiol) was added and resulting mixture shaken for 30 min. The Au particles were then transferred to the organic phase by the alternating addition of 5 ml acetone and 5 ml toluene, starting with the addition of acetone. After the second addition of acetone the organic phase was decanted and another 5 ml of acetone and toluene was added, after which the organic phase was again decanted. This procedure was repeated until the water phase appeared colourless to the eye (see Figure 1 ). To remove any remaining acetone from the toluene-Au solution the mixture was placed into a rotary evaporator at room temperature under a pressure of 300 mbar for 15 min.
Determination of Au and GNR concentration
The Au rod concentration was determined via inductively coupled plasma optical emission spectrometry (ICP-OES) measurements. For this, 10 μl of the Au solution was heated until all liquid had evaporated and the remaining solids redispersed in a mixture of 75 μl HCl, 25 μl HNO 3 and 9900 μl H 2 O. The measurement was undertaken using a Perkin Elmer Optima 7000DV. For calculating the rod concentration we have assumed an ideal cylindrical form. Through TEM measurements the average length l and the width r was determined and the volume of a single rod was calculated:
The unit cell of Au exists as a cubic face-centered system with a lattice parameter of 407.82 pm. 
With the aid of ICP-OES measurements the Au-ion concentration in g/l could be determined and by consideration of the total sample volume tot , the molar mass
Au and the Avogadro-constant A the amount of Au atoms in the solution as a whole can be calculated:
The concentration of rods in solution ( rods ) can then be calculated through the ratio of Au atoms in solution and Au atoms per rod:
Results
The phase transfer of Au, using the above method, occurs in two steps. First the washed particles are mixed with a solution of the new ligand and it is feasible that at this point some degree of the organic compound adheres to the surface of the Au adjacent to the CTAB/additive network already present. Hence, the concentration of new ligand and the shaking rate can therefore potentially influence the efficiency of the transfer, as any Au which has not come in contact with the new ligand at the interface during the first step cannot be transferred in subsequent steps. In the second step acetone and toluene are added in an alternating fashion, toluene being the new medium in which the particles are to be dispersed and acetone providing the means by which the CTAB molecules may be rapidly removed from the Au surface [31] [32] [33] . It is clearly evident that the presence of fast kinetics with respect to the binding of the new ligand to the particle surface is essential in order to prevent particle agglomeration. As can be observed the maximum in the plasmon peak shifts by only approximately 4 nm to higher energies. While this small change could be as a result of a slight etching of gold from the surface of the particles it could just as well be explained by both the change of the surface ligands and the difference in the refractive indices of the solvents.
As the organic phase was diluted so that its final volume was equal to that of the initial volume of the water phase the spectral peak intensities can be directly compared so as to gain an indication as to the efficiency of the phase transfer and to directly gleam information as to where variences in the absorbance intensity have occurred. It is of note that the organic phase containing the gold spheres in Figure 2a exhibits only 75% of the initial absorbance peak intensity of the water phase as judged from the peak absorbance values, implying that the transfer did not go to completion. This is supported by the presence of small amounts of black, agglomerate-type material that was sometimes abserved at the water-toluene interface.
In Figure 2b the absorbance profiles obtained for both before and after the transfer of gold rods with an aspect ratio of 2.9 (length : width) are presented and it can be seen that the characteristics of the spectral profiles have not changed to any significant extent. The LSPR peak has shifted by about 26 nm whereas the peak associated with the transverse mode has shifted by approximately 10 nm, both to longer wavelengths (Figure 2b) .
However the peak ratio is slightly modified after the transfer process has been applied to the Au rods. The ratio of the transverse mode peak in toluene with respect to that of the LSPR peak is higher than in water, which is suggestive of a decrease in the form quality of the Au rod solution due to the presence of a larger relative amount of spherical particles. This is confirmed from TEM images of the solutions where it can be observed that a greater proportion of spherical struc- tures coexist with the rods. From the absorbance profiles it can also be observed that spherical like Au NPs can be more easily transferred using this method than can rods. An additional indication for this is the incomplete discoloration of the water phase after the transfer for the rods as opposed to spheres where the aqueous phase of the latter is clearer for the same number of transfer steps. From TEM images of the NPs before and after the application of the transfer procedure (Figure 3a and b) it can be seen that the rod structures can be transferred into a nonpolar medium without any apparent changes in their overall geometry. The average length of the GNRs before the transfer was determined in TEM studies to be 41.8 ± 4.5 nm and after the transfer was 35.2 ± 5.2 nm.
To improve the form or shape quality of the transferred particle solution an additional washing step before or after the transfer to remove spherical particles can be introduced. In the literature different methods are described by which this may be achieved amongst which are centrifugation [34, 35] , gel electrophoresis [36] and size exclusion chromatography [37] .
In addition to the use of 1-dodecanethiol as a phase transfer agent it was found that a number of other organic compounds could be used for the phase transfer. The utilization of 1-octadecanethiol, a shorter chained thiol was successfully realised, where essentially the same transfer behaviour as for 1-dodecanethiol could be observed (see Figure 4a) . In addition to thiols other functional groups have the ability to adhere to the Au surface and therefore act to stabilise the particles but, as previously mentioned the kinetics of binding to the surface is of great importance when considering the choice of transfer agent. It was also observed that alkylnitriles can be employed as ligands for the transfer of Au particles (see Figure In comparison to thiol functionalised ligands nitriles show a slightly slower kinetic in binding to the Au surface of the rod structures. This can be easily explained by a decreased affinity of the functional group in contrast to -SH ligands. As a result of this the total yield of rods in the organic phase is decreased because of destabilisation while the transfer, whereby the loss of particles is not in a significant amount. More important the ligand exchange and the simultaneous phase transfer show no change in the spectroscopic characteristics in comparison to the water dissolved particles with respect to the thiol stabilised Au rods in the toluene phase (Figure 4a and b) .
The above described behaviour of the phase transfer shows that with the here described method the functionalisation of CTAB stabilised Au particles with different chemical groups is possible.
Conclusion
With the phase transfer method described above it could be shown that an easy to implement method by which water soluble CTAB stabilised Au nanoparticles can be effectively transferred into toluene has been developed. The optical profiles of the particles are, to all intent and purposes, unchanged after the transfer from the aqueous phase and as can be seen from the TEM images the geometric form of the transferred materials is equal, within experimental discernibility, to those that were present in the aqueous phase. We have also been able to demonstrate that the range of replacement ligands can be extended using this methodology to cover alkane nitriles, conferring a greater degree of flexibility to this method over others presently reported in the literature thus opening up the processibility of the nanoparticulate materials. In conclusion, by comparison with other methods presented in the literature this method stands out due to its low price, shorter times taken to transfer the NPs across into the new phase and the possibility to vary the organic molecules that bind to the Au surface, and which therefore allow access to a wider range of different applications.
